Bone morphogenetic proteins (BMPs) promote the differentiation of osteoprogenitor cells, and also induce osteogenesis in bone marrow stromal cells (MSC) from rats and mice. However, compared to results with animal models, BMPs are relatively inefficient in inducing human MSC to undergo osteogenesis, and are much less effective in promoting bone formation in human clinical trials. Previous studies indicated that, while human MSC respond to dexamethasone with elevated levels of the osteoblast marker alkaline phosphatase, most isolates of human MSC fail to show alkaline phosphatase induction in response to BMP-2, BMP-4, or BMP-7. Several other genes known to be induced by BMPs are appropriately regulated; thus, human MSC are capable of some BMPactivated signaling. Analysis of the BMP receptors ALK-3 and ALK-6 indicated that, although ALK-6 mRNA was not expressed in human MSC, overexpressing a constitutively active ALK-6 receptor did not induce elevated alkaline phosphatase. Real-time RT-PCR was used to investigate expression of several osteoblast-related transcription factors in MSC after 6 days' exposure to BMP2 or dexamethasone. Msx-2, a transcription factor that has been reported to inhibit differentiation of osteoprogenitor cells, showed 10-fold elevation in BMP-2-treated human MSC, but not in BMP-2-treated rat MSC. Overexpression of Msx-2 in human and rat MSC, however, did not alter alkaline phosphatase levels, which suggests that absence of BMP-stimulated alkaline phosphatase was not caused by the BMP-2-induced increase in Msx-2. Although Runx2 isoforms have been implicated in control of osteoblast differentiation, levels of this transcription factor were unaffected by BMP treatment. Expression of the FKHR transcription factor, which has been reported to regulate alkaline phosphatase transcription in mouse cells, showed a modest increase in response to BMP-2, but a much greater increase in dexamethasonetreated cells. We propose that BMP regulation of the bone/liver/kidney alkaline phosphatase gene is indirect, requiring expression of new transcription factor(s) that behave differently in rodent and human MSC.
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Introduction
Successful outcomes for fracture repair, alveolar ridge augmentation, maintenance of dental implants and craniofacial surgery require formation of new bone. Efficient bone formation in adults relies on the recruitment of osteoblast precursors to the site, followed by osteoblast maturation, matrix deposition and mineralization. The body does not possess a large population of such osteoblast precursors, but recruits adult stem cells having the ability to undergo differentiation upon demand. The existence of these cells was first demonstrated by Friedenstein et al. [1987] and Owen et al. [1987] , who showed that the stromal component of bone marrow contains a population of fibroblastic cells (CFU-F). These CFU-F adhered to tissue culture plastic and formed both cartilage and bone when placed in diffusion chambers and implanted into animals Mardon et al., 1987] . When the same cells were placed in culture, they also displayed evidence of osteogenesis [Latzinik et al., 1987; Owen et al., 1987] . It is now recognized that the bone marrow stroma is a major reservoir of these mesenchymal stem cells, which can be induced to differentiate not only into osteoblasts and chondrocytes, but also adipocytes, neural cells and fibroblastic cells that support hematopoiesis [Grigoriadis et al., 1988; Aubin, 1998; Dennis et al., 1999; Kopen et al., 1999; Muraglia et al., 2000] . The population of mesenchymal stem cells within bone marrow is small (considerably less than 0.1%), and varies with age and species. It is increasingly apparent that bone marrow is not the only site with stem cells capable of osteogenesis; such cells are also present in connective tissues far from sites of bone marrow as well as in umbilical cord blood and, at extremely low levels, in peripheral blood [Erices et al., 2000; Kuznetsov et al., 2001; Sen et al., 2001; Erickson et al., 2002; Romanov et al., 2003] .
Whether these cells remain as multipotential stem cells or become committed to a particular differentiation pathway is apparently under the control of both systemic and local factors. One set of local factors, the bone morphogenetic proteins (BMPs), have attracted considerable interest as candidate therapies for promoting bone formation. Members of the TGF-ß superfamily of growth and differentiation factors, BMPs were originally identified by Urist [1965] as organic components found in bone matrix that could induce ectopic bone formation. BMPs, particularly BMP-2, BMP-4 and BMP-7 (OP-1), have been demonstrated to promote increased bone formation and bone repair in several animal models [Gerhart et al., 1993; Cook et al., 1994; Ripamonti et al., 1996; Reddi, 1998; Wozney and Rosen, 1998; Heckman et al., 1999] . When added to cultures of committed osteoprogenitor cells, BMP-2, BMP-4, or BMP-7 will promote cell differentiation into osteoblasts. Similarly, when cultures of rat or mouse marrow stromal cells (MSC) are treated with BMPs, these cells will commit to the osteogenic or chondrogenic lineage and, depending on culture conditions, mature into either osteoblasts or chondrocytes.
A committed osteoprogenitor cell is often recognized by its ability to mature to a more differentiated phenotype in the presence of a permissive environment, i.e. its ability to produce bone matrix proteins and express the high levels of alkaline phosphatase that seem essential for mineralization of the bone matrix. With the 1997 discovery of the Runx2 (cbfa1) transcription factor that is expressed primarily in osteoblasts, and observations that absence of Runx2 prevented bone formation [Komori et al., 1997; Mundlos et al., 1997; Otto et al., 1997; Nakashima et al., 2002] , it has been assumed that a committed osteoprogenitor should show elevated levels of Runx2. Consistent with this hypothesis, overexpression of Runx2 in myogenic mouse C2C12 cells induces an osteoblast phenotype and BMPs induce Runx2 expression in C2C12 cells [Lee et al., 2000] .
While both BMP signaling and Runx2 expression have been implicated in the expression of an osteoblast phenotype, the precise relationship between BMPs, Runx2 expression, and transcription of osteoblast-related genes remains to be defined. One possibility is that BMPinduced signaling activates the Runx2 promoter to produce Runx2 protein that, in turn, binds to and activates genes coding for osteoblast-specific proteins. BMP signaling is initiated by extracellular BMPs binding to heterodimeric BMP receptors, causing phosphorylation and activation of intracellular Smad signaling molecules. While the same type of mechanism is employed for TGF-ß signaling, specificity is accomplished by using different receptors and Smads for TGF-ß and BMPs [Massagué and Wotton, 2000; Miyazono et al., 2001] . It is plausible that activated BMP-regulated Smads (Smad1, 5 or 8) bind to the Runx2 promoter causing increased transcription. However, a 1.4-kb region upstream of the Runx2 gene shows no response to BMP [Xiao et al., 2001 ] and osteoblast-specific activation of Runx2 appears dependent on an AP-1 site [Zambotti et al., 2002] . Another hypothesis is that Runx2 and activated Smads work together to regulate transcription of some osteoblast-specific proteins. There is evidence that some genes are indeed regulated by a Runx2-Smad complex [Hanai et al., 1999; Alliston et al., 2001; Leboy et al., 2001; Moustakas and Heldin, 2002] . However, while TGF-ß has been reported to repress expression of both Runx2 and osteocalcin via a SmadRunx2 complex [Alliston et al., 2001] , there is currently no evidence that any osteoblast-related genes are directly regulated by BMP-induced Smad binding to a regulatory region of these genes.
Among the well-studied proteins characteristic of osteoblasts, the osteopontin gene appears to be regulated by BMP-activated Smad binding to Hoxc-8 and removing this repressor from its DNA binding site [Yang et al., 2000] . The osteocalcin promoter is upregulated by binding of several transcription factors including Runx2, C/ EBP, the vitamin D receptor and AP-1 [Owen et al., 1990; McLarren et al., 2000; Gutierrez et al., 2002] . Bone sialoprotein transcription has been variously reported to be either repressed or unaffected by Runx2 [Banerjee et al., 2001; Kiyoshima et al., 2002] , and we currently have no information concerning transcription factors binding to and regulating the most commonly assayed osteoblast marker, alkaline phosphatase.
We have recently reported that, while BMP induces alkaline phosphatase expression in rat and mouse MSC, it usually fails to do so with human MSC [Diefenderfer et al., 2003b] . Rat MSC will differentiate into osteoblasts by treatment with either BMPs or dexamethasone [Rickard et al., 1994; Hanada et al., 1997] , and mouse MSC undergo osteogenesis with BMPs but not dexamethasone [Balk et al., 1997; Abe et al., 2000; Diefenderfer et al., 2003b] . Our studies with human MSC derived from 17 individuals showed that all samples cultured with 100 nM dexamethasone responded with elevated levels of alkaline phosphatase mRNA and activity, but only one showed a comparable alkaline phosphatase induction when treated with either BMP-2, BMP-4, or BMP-7 [Diefenderfer et al., 2003b] . If human MSC were exposed to dexamethasone during initial culture, approximately half of first passage human MSC samples showed an elevated alkaline phosphatase level in the presence of BMPs. RT-PCR analysis of RNA from human MSC cultured with BMP indicated that BMPs were capable of autoregulating BMP-2 expression, inducing the BMP binding protein noggin, and, at later stages, inducing expression of the osteoblastrelated gene, bone sialoprotein [Diefenderfer et al., 2003a, b] . This indicated that human MSC were capable of some BMP responses.
The studies reported here investigate human MSC expression of BMP receptors and transcription factors that might be implicated as downstream modulators of BMP signaling.
Materials and Methods

Isolation and Culture of MSCs
Human marrow cells were aspirated from the medullary cavities of femurs, and rat marrow cells extruded from femurs of 4-to 5-week-old rats as described previously [Diefenderfer et al., 2003b] . No detailed medical history of the patients was sought, and the only characteristics identifying each human sample were date of surgery, age and gender. The marrow cells were layered on Ficoll-Paque (Amersham Pharmaceutical Biotech, Piscataway, N.J., USA) and centrifuged 30 min at 1,900 RCF to concentrate nucleated cells at the interface. This fraction was collected, washed once with ·MEM and cultured in ·MEM with 15% fetal calf serum and antibiotics. Adherent cells were replated just prior to confluence at 1 ! 10 4 cells/cm 2 , and these first passage cultures were used for all experiments. At 24 h, ascorbate-2-phosphate (100 Ìg/ml) was added to all cultures along with 10 -7 M dexamethasone (Sigma, St. Louis, Mo., USA) or 100 ng/ml BMP-2 (Genetics Institute, Cambridge, Mass., USA) where appropriate. Cultures were usually harvested after 6 days for either RNA preparation or alkaline phosphatase assays.
Isolation of Total RNA and Reverse Transcriptase Reactions
Total RNA was isolated using TRI reagent (Molecular Research Center, Cincinnati, Ohio, USA), and stored at -80°C [Diefenderfer et al., 2003b] . cDNA was prepared from 2 Ìg total RNA using oligo(dT) and the First-Strand Synthesis System for RT-PCR (Invitrogen Life Tech., Carlsbad, Calif., USA).
Analyses of mRNA Levels and Alkaline Phosphatase Activity cDNA samples were amplified using real-time PCR (Cepheid Smart Cycler, Sunnyvale, Calif., USA) and the LightCycler -FastStart DNA Master SYBG Green I kit (Roche Molecular Biochemicals, Mannheim, Germany). The protocol for real-time PCR and primer sets for alkaline phosphatase, BMP-2, Runx2, and noggin have been previously described [Diefenderfer et al., 2003a, b] . Primers for Id-1 were as described by Tamura et al. [1998] . Additional primer sets were as follows: ALK-3: forward primer = 5) GCATAACTAATGGACATTGCT 3) reverse primer = 5) GCAGCTGGAGAAGATGATCATAGC 3) ALK-6: forward primer = 5) GGCTCTGAGCTATGACAAGAGAG 3) reverse primer = 5) CAAGAGCAAACTACAGACAGTCACAG 3) Msx-2: forward primer = 5) GCCATTTTCAGCTTTTCCAG 3) reverse primer = 5) CCCTGAGGAAACACAAGACC 3) FKHR: forward primer: 5) AAGTTCTTGGTGGATGCTCAAT 3) reverse primer: 5) GGGCGAAATGTACTCCAGTTAT 3)
The primers for ALK-3, ALK-6, Msx-2, FKHR and noggin are suitable for analyzing both human and rat mRNAs. The alkaline phosphatase and BMP2 primers are designed for humans but not rat. The Runx2 primers span exons 6 and 7 of human Runx2, which is a region downstream of the Runt domain that has not yet been sequenced in rat.
The amount of alkaline phosphatase mRNA was determined from real-time RT-PCR assays based on a standard plot obtained with cloned human alkaline phosphatase cDNA. Results from other real-time RT-PCR assays were converted to arbitrary units of mRNA Osyczka/Diefenderfer/Bhargave/Leboy BMP response is defined as an alkaline phosphatase activity increase of 1 50% above nontreated control for that sample. assuming a straight line, with a value for the slope of 3.5 (change in log concentration of mRNA/cycle), and the crossing point cycle number with no template as an estimate of y-intercept. The result, expressed as log concentration, was then converted to its antilog.
RNase protection assays were performed with an RPA III™ Kit (Ambion, Austin, Tex., USA). Alkaline phosphatase enzyme activity was assayed as described previously [Rickard et al., 1994] . Statistical analyses for significant differences in enzyme activity and mRNA levels were performed with the SigmaStat t test program.
Adenovirus Expression Vectors
Plasmids containing constitutively active (CA) mutants of ALK-3 and ALK-6 receptors were kindly provided by Dr. Lee Niswander [Zou et al., 1997] . The coding sequences were isolated and cloned into adenoviral vectors as described by Hardy et al. [1997] , using pAdLox plasmid shuttle vector and an adenovirus expressing Cre recombinase. Adenovirus expressing Msx-2 was a gift from Dr. Lillian Shum [Takahashi et al., 2001] . Adenovirus used for expression studies were purified by cesium chloride centrifugation before cell infection. MSC were infected with adenovirus twice, at either day 1 and day 3 after plating (ALK-containing virus) or day 1 and day 4 (Msx-2-containing virus), using a multiplicity of 25 virus particles/ cell at each time.
Results
We have expanded our studies of alkaline phosphatase levels in human MSC cultured with BMP-2 to include 26 patient samples. The samples were divided into primary culture either with or without 100 nM dexamethasone, grown to confluence, and then replated in first passage for analysis of alkaline phosphatase induction at day 6. Among the 26 samples, we identified 4 individuals whose MSC in first passage cultures showed BMP-induced alkaline phosphatase at day 6 without prior exposure to dexamethasone (table 1, part 1a). The remaining 22 nonresponsive samples were almost equally split between male and female individuals (table 1, part 1b). As reported previously [Diefenderfer et al., 2003b] , marrow cell samples that had been cultured with dexamethasone in primary culture showed an increased frequency of BMP-induced alkaline phosphatase after replating (table 1, part 2). Among the 22 samples characterized as BMP-nonresponsive in table 1 (part 1b) approximately half developed the ability to respond to BMP with increased alkaline phosphatase levels if treated with dexamethasone in primary culture. Overall, the Dex-pretreated responders appeared to have an average age somewhat lower than that of nonresponders, but the difference was not statistically significant. Among the samples from women patients, however, the average age of responders was significantly lower than the age of nonresponders (47 vs. 61 years; p = 0.04). RNA was prepared from a subset of the samples and analyzed for alkaline phosphatase mRNA by real-time RT-PCR. The results confirmed that the inability of BMP to induce high alkaline phosphatase activity was paralleled by low levels of alkaline phosphatase mRNA.
Although the majority of our patient samples showed impaired alkaline phosphatase induction with BMP treatment, all tested samples showed BMP induction of noggin mRNA, which indicates that BMPs were capable of eliciting some transcriptional response. To examine the status of BMP receptors in MSC, we analyzed the expression of the BMP receptors ALK-3 and ALK-6 both by conventional RT-PCR and RNase protection assays. ALK-3 is found in a wide variety of developing tissues, while ALK-6 expression tends to be more restricted to skeletal tissues [Cheifetz, 1999] . As shown in figure 1, we detected ALK-6 mRNA in both rat MSC and in human U20S cells. However, only ALK-3 but not ALK-6 mRNA was found in human MSC, and prior exposure to dexamethasone in primary culture did not alter these results.
It therefore seemed plausible that the impaired BMP response we observed in most human MSC was correlated with the absence of the BMP receptor ALK-6. To examine this hypothesis, we constructed adenoviral vectors containing CA ALK-3 and ALK-6 receptors, and infected them into both human and rat MSC. Cells infected with these viruses expressed high levels of the BMP receptors when the mRNA was analyzed by PCR ( fig. 2a, b) . Rat MSC overexpressing CA ALK-3 or CA ALK-6 showed levels of alkaline phosphatase activity that were markedly higher than those seen in rat MSC infected with control adenovirus and cultured with BMP-2; however, overexpressing the CA BMP receptors in human MSC had no effect on alkaline phosphatase expression (fig 2c) . These results suggest that the lack of alkaline phosphatase regulation by BMPs is not due to absence of the ALK-6 receptor.
Although there is no evidence that BMP-induced signaling directly regulates alkaline phosphatase gene transcription, Hollnagel et al. [1999] showed that BMPs do directly regulate expression of the Id and Msx transcription factors implicated in morphogenesis and differentiation. It was therefore reasonable to postulate that BMP regulation of osteoblast genes occurs via transcriptional regulation of several other transcription factors that, in turn, regulate subsets of osteoblast-related genes. Because Msx-2 is a homeobox gene known to play critical roles in osteoblast differentiation and skeletal development [Dodig et al., 1999; Satokata et al., 2000] , we measured levels of Msx-2 mRNA in human and rat MSC by real-time RT-PCR. As expected, BMP increased Msx-2 expression in both rat and human MSC (fig. 3) ; however, while BMP caused a 2-fold increase in Msx-2 mRNA in rat cells, it produced a 10-fold increase in the human cells. We therefore asked whether overexpressing Msx-2 in BMP-treated rat or Dex-treated human MSC would alter alkaline phosphatase expression in these cells.
MSC were infected with adenovirus containing the wild-type Msx-2 gene at day 1 and 4 of first passage culture. Samples were harvested for RNA analyses at day 6 and for alkaline phosphatase enzyme assays at day 7. As shown in figure 4a , levels of Msx-2 mRNA were greatly increased when MSC were infected with adenovirus containing the Msx gene. However, overexpressing Msx-2 did not significantly affect either alkaline phosphatase mRNA ( fig. 4b ) or alkaline phosphatase activity ( fig. 4c ). It therefore seems unlikely that the lack of BMP-induced alkaline phosphatase in human MSC is caused by the high levels of Msx-2 produced in BMP-treated human MSC. Cells were infected, at 1 and 3 days after plating, with adenoviruscontaining CA ALK-3 or ALK-6, and cultured until day 6. a RNA from human MSC contained elevated levels of both BMP-2 and noggin mRNA when cells had been either treated with BMP-2 + control virus, or infected with virus containing CA ALK-3 or ALK-6. The CA BMP receptors therefore increased transcription of these BMPresponsive genes. b RNA from rat MSC also showed a response to CA ALK-3 and ALK-6, as demonstrated by increases in noggin mRNA. c Rat MSC overexpressing CA BMP receptors responded with increased alkaline phosphatase (ALP) activity, but human MSC did not. The effects of BMP-2 on expression of several other transcription factors implicated in osteogenesis were also examined by real-time RT-PCR analyses of samples from human MSC. Levels of Id1, a negative regulator of myogenesis that promotes alternative differentiation pathways, were increased 2-to 3-fold in all BMP-treated human MSC. This result is consistent with previous reports that BMP increases Id expression in mouse osteoblast precursors and mouse embryonic stem cells [Ogata et al., 1993; Hollnagel et al., 1999] . Using primers that should detect all Runx2 mRNA isoforms, our analyses suggested that neither rat nor human MSC show a significant increase in total Runx2 mRNA in response to BMP-2. More surprising results were obtained when we analyzed expression of the forkhead transcription factor FKHR (FOXO1a). As shown in figure 5, BMP-treated human MSC showed almost twice as much FKHR mRNA as control. However, dexamethasone-treated human MSC expressed even greater amounts of FKHR mRNA, reaching levels significantly higher than either control or BMP-treated samples.
Discussion
The discovery that BMPs were growth and differentiation factors capable of inducing both ectopic bone formation and accelerated bone repair generated widespread interest in their potential as therapeutic agents that could promote fracture healing and implant osseointegration, Fig. 4 . Effects of overexpressing Msx-2 in human and rat MSC. a Both human and rat MSC have elevated levels of Msx-2 mRNA in response to infection with Msx-2 adenovirus. b Overexpression of Msx-2 has no effect on levels of alkaline phosphatase (ALP) mRNA in either human or rat MSC. c Alkaline phosphatase activity is unaltered when rat and human MSC overexpress Msx-2. Levels of mRNA, determined by real-time RT-PCR, are calculated as described in Materials and Methods. Fig. 5 . Expression of the forkhead transcription factor FKHR in human MSC. Real-time RT-PCR analyses of FKHR mRNA indicated that human MSC respond to either 100 nM dexamethasone (Dex) or 100 ng/ml BMP-2 with increased expression of FKHR. However, the effect of Dex is significantly greater than that of BMP-2. Difference between Dex-treated or Dex+BMP and either control or BMP-treated is significant at *p ! 0.001; difference between BMPtreated and control is significant at **p = 0.002. and perhaps even counteract osteoporosis. This potential was reinforced by studies using several rodent models, which demonstrated that targets for BMP action include not only bone-derived osteoblasts and committed osteoprogenitor cells, but also multipotential mesenchymal stem cells [Katagiri et al., 1990; Scutt et al., 1992; Thies et al., 1992; Erlebacher et al., 1995; Mundy et al., 1995; Yamaguchi et al., 1996 Yamaguchi et al., , 2000 Reddi, 2001] . Reports that BMPs could promote osteogenic commitment of MSC from rats and mice assumed increasing importance with the recognition that these cells are a major source of osteoblasts required in adult bone remodeling and repair. For this reason, efforts are ongoing to genetically engineer MSC overexpressing BMPs for implantation into bone repair sites [Lou et al., 1999; Franceschi et al., 2000; Cheng et al., 2001] .
There have been more than a dozen reports of human clinical trials using recombinant BMPs for spinal fusions, healing long bone fractures, and repair of bony defects in the oral cavity. While most of these achieved some success in improving or accelerating bone formation, they required BMP levels markedly higher than expected from animal studies and showed significant patient variability in response to BMP treatment [Groeneveld and Burger, 2000; Lane, 2001; Govender et al., 2002] . Our studies were initiated to examine whether the clinical results Osyczka/Diefenderfer/Bhargave/Leboy might be associated with differences in the ability of human versus rodent MSC to undergo osteogenesis in response to BMPs. Initial results measuring alkaline phosphatase levels in MSC cultured in the presence of BMPs demonstrated that although rat MSC showed elevated alkaline phosphatase expression with either BMPs or dexamethasone, human MSC showed increased alkaline phosphatase with dexamethasone but not with BMP-2, BMP-4, or BMP-7 [Diefenderfer et al., 2003b] . Subsequent real-time RT-PCR studies demonstrated that, although alkaline phosphatase mRNA remained low in human MSC cultures treated with BMP-2 for as long as 2 weeks, several other genes including those coding for noggin, BMP-2, osteopontin, and bone sialoprotein were transcriptionally activated when human MSC were cultured with BMP-2, BMP-4, or BMP-7 [Diefenderfer et al., 2003a] .
Because BMP was able to stimulate expression of some genes in human MSC, we examined the possibility that specificity in downstream actions of BMP signaling was related to differences in the use of BMP receptors. This hypothesis was triggered by the observation that human MSC did not produce mRNA for one of the type I BMP receptors. Although rat MSC and differentiated human osteoblasts express mRNA for ALK-6 ( fig. 1a, c) , human MSC lack this BMP receptor ( fig. 1b, c) . If human MSC were unable to increase alkaline phosphatase expression in response to BMPs due to lack of the ALK-6 receptor, overexpressing a CA form of this receptor should cause increased alkaline phosphatase levels. Although rat MSC infected with CA ALK-6 responded as expected, human MSC expressing CA ALK-6 did not show increased alkaline phosphatase activity ( fig. 2) . These results suggest that lack of BMP-induced alkaline phosphatase in human MSC is not caused by absence of ALK-6. Further support for this conclusion comes from our observations that mouse MSC expressed little ALK-6 mRNA ( fig. 1c) , although they undergo osteogenesis in response to BMPs. ST2, a mouse stromal cell line that shows BMP-induced increases in alkaline phosphatase, has previously been reported to lack the ALK-6 receptor [Otsuka et al., 1999] .
Increased expression of alkaline phosphatase in BMPtreated rodent cells requires at least 12 h [Thies et al., 1992] , which suggests that it is not a primary target for BMP-activated signaling. The relatively slow response of alkaline phosphatase is in contrast to the more rapid BMP response seen with genes known to be directly regulated by BMP-induced Smad signaling. For example, the transcription factors Id1 and Msx-2 are induced by BMP within 30 min [Hollnagel et al., 1999; Ló pez-Rovira et al., 2002] . We examined the mRNA levels for these earlyresponse genes in human MSC, and found that both of them showed increased expression when the cells had been cultured in the presence of BMP-2 ( fig. 3) . The level of BMP induction of Id1 was comparable in human and rat MSC, but Msx-2 expression in response to BMP was significantly greater in human MSC than in rat MSC.
Msx-2 is a member of the homeobox family of transcription factors that usually functions as a transcriptional repressor. Mice lacking Msx-2 expression display defects in both intramembranous and endochondral bone formation [Satokata et al., 2000] , and one noteworthy characteristic of Msx expression is its association with multipotential progenitor cells including osteoprogenitors [Liu et al., 1999] . Overexpression studies suggest that Msx-2 acts to stimulate proliferation and inhibit differentiation of osteoprogenitors [Dodig et al., 1999] . These characteristics prompted us to examine whether overexpression of Msx-2 in human MSC resulted in the inability of the cells to differentiate into osteoblasts producing high levels of alkaline phosphatase. While an attractive hypothesis, overexpressing Msx-2 in MSC failed to alter alkaline phosphatase activity (fig. 4) .
Expression of one of the forkhead transcription factors, FKHR, was investigated because it has been reported to stimulate osteoblast alkaline phosphatase activity in mouse cells [Bois and Grosveld, 2003 ] and increase activity of an alkaline phosphatase promoter construct [Hatta et al., 2002] . There are over two dozen known members of the forkhead family, with FHKR falling within the FoxO subfamily. Forkhead proteins regulate a wide variety of cellular activities including cell cycle, apoptosis, insulin signaling, glucose metabolism, embryogenesis, and cell differentiation. Although most frequently studied as an effector of insulin-mediated metabolic changes, there is emerging evidence that FKHR(FoxO1a) is also involved in differentiation [Bois and Grosveld, 2003] . Little is known about factors regulating the expression of FoxO proteins; however, treatment of a chondrogenic cell line with dexamethasone or BMPs will induce expression of a forkhead protein in the FoxC subfamily [Nifuji et al., 2001] . Our studies show that the same is true for a member of the FoxO subfamily, FKHR. Because dexamethasone treatment yielded a 5-fold elevation of FKHR mRNA while BMP-induced levels were markedly lower ( fig. 5) , it is possible that FKHR expression in human MSC treated with BMPs is insufficient to activate alkaline phosphatase expression.
Another transcription factor that is a candidate for acting downstream of BMP signaling is Runx2 (Cbfa1). Our RT-PCR studies, with primers that amplify a region of Runx2 mRNA near the 3) end of the coding region, have indicated that Runx2 mRNA is expressed at comparable levels in control, BMP-treated, and dexamethasonetreated human MSC [Diefenderfer et al., 2003a] . Our primers, however, were designed for hybridization to mRNA common to all Runx2 isoforms, and recent evidence suggests there are at least 6 different isoforms of Runx2 that are either splice variants or differ in transcription start sites . Multipotential and osteoprogenitor cell lines appear to express mainly the type I isoform of Runx2 transcribed from the downstream promoter [Sudhakar et al., 2001 ], while mature osteoblasts also contain mRNA for a type II isoform transcribed from the far upstream promoter and induced by BMP [Banerjee et al., 2001; Sudhakar et al., 2001] . Furthermore, there is evidence for both translational control of Runx2 isoforms [Sudhakar et al., 2001] and for kinasemediated activation of Runx2 [Franceschi and Xiao, 2003] . It is therefore plausible that differences in BMP response between rodent and human MSC may be associated with differences in BMP-induced changes in Runx2 that could not be detected by our PCR analyses.
Our studies with human MSCs isolated from the femoral cavity of over two dozen patients indicate that a high proportion of the samples do not show a full osteogenic response to BMPs in cell culture. In vivo, cells contributing to fracture repair will presumably include not only multipotential MSC but also cells already committed to the osteoblast lineage and therefore capable of responding to BMPs with increased alkaline phosphatase expression. It is also reasonable to expect some glucocorticoid action on MSC in the vasculature, which may increase their BMP responsiveness. Very recent studies in our laboratory indicate that, when human MSC from the femoral cavity are shifted to culture conditions that alter intracellular kinase signaling pathways, they can respond to BMP-2 with increased expression of both alkaline phosphatase and osteopontin [Osyczka et al., 2003 ]. These results suggest that changes in extracellular signaling molecules may alter the response of MSC to BMPs. It should also be noted that, while we obtain the same results with MSC derived from either humerus or femur, we have not yet examined whether human MSC derived from other bone marrow sites will show similar characteristics. We also plan to test whether human MSC from pediatric patients will be as refractory to BMP-induced alkaline phosphatase as those from adult patients.
